The optical properties of organic semiconductor thin films deposited on nanostructured surfaces are investigated using time-resolved two-photon photoluminescence (PL) microscopy. The surfaces consist of parallel aligned metallic or dielectric nanowires forming well-defined arrays on glass substrates. Keeping the nanowire dimensions constant and varying only their spacing from 40 to 400 nm, we study the range of different types of n' anowire-semiconductor interactions. For silver nanowires and spacings below 100 nm, the PL intensity and lifetime of P3HT and MDMO-PPV decrease rapidly due to the short-ranged metal-induced quenching that dominates the PL response with respect to a possible plasmonic enhancement of optical transition rates. In the case of P3HT however, we observe an additional longer-ranged reduction of non-radiative losses for both metallic-and dielectric nanowires that is not observed for MDMO-PPY. Excitation polarization dependent measurements indicate that this reduction is due to self-assembly of the P3HT polymer chains along the nanowires, In conclusion, nanostructured surfaces, when fabricated across large areas, could be used to control film morphologies and to improve energy transport and collcction efficiencics in P3HT-based solar cells.
Introduction
Organic polymers find wide application in electronics and optoelectronics due to their flcxihility, low cost and non-toxicity, and appealing optical properties [I] . A large number of polymer-based devices have been developed recently such as solar cells, transistors and organic light emitting diodes (OLEDs). For organic solar cell applications, P3HT (poly3-hexylthiophene) in combination with PCBM ( [6, 6] -phenyl C61-butyric acid methyl ester) has been a standard material for many years, because of its superior charge transport properties and high absorption coefficient (around 10 5 cm- I ) in thin films as compared to other organic polymers [2] . Photoabsorption in conjugated polymers such as P3HT leads to the generation of singlet excitons with binding energies of 0.3-1 eV [2] . To increase the efficiency of these solar cells further and to make them more competitive with inorganic devices, a major disadvantage of polymer materials has to be overcome: the short exciton diffusion length on the order of 10 nm that is substantially smaller than the absorption length [3] . Present device designs thus need to balance energy transport and light absorption efficiencies limiting present applications in the case ofP3HT to thin films only [4] .
Several strategies are currently being investigated that focus either on controlling the film morphology or on enhancing light absorption . Increased polymer chain ordering is expected to improve energy transport properties by ensuring uninterrupted percolation pathways [5, 6] . Zhao et at showed that by combining P3HT with a specialJy functionalized fullerene electron acceptor and using an optimized annealing treatment, a power conversion efficiency of 6.48% can be reached, representing the highest value reported for P3HT-based polymer solar cells at that time [7] . Film morphologies can also be influenced by tailoring the surface chemistry of the metal-oxide electrode [8, 9] or by fabricating nanostructured heterojunctions using nanoporous metal films [10, II ] . Light absorption, on the other hand, can be enhanced locally by introducing plasmonically active metal nanoparticJes or metal nanostructures into the film , permitting a considerable reduction in the physical thickness of the absorbing polymer layers [1 2 -17] .
In this work, we investigate the influence of parallel aligned nanowires on the photoluminescence (PL) characteristics of P3HT thin films using time-resolved PL microscopy and spectroscopy. To separate and identify possible plasmonic effects on the optical transition rates, we compare the PL response for identical array configurations comprising either metallic (Ag) or dielectric (glass) nanowires. Two-photon excitation of P3HT at 800 nm by a pulsed laser source was used to exploit the plasmon resonance of silver at the two-photon transition [18] . The distance dependence of the nanowire-polymer interactions was investigated by varying the nanowire spacing. This approach uses the reduced average nanowire-polymer distance to separate different types of nanowire-polymer interactions and their range. Identical nanostructures using MDMO-PPY (poly(2-methoxy-5-(3'-7'-dimethyloctyloxy)-I,4-phenylenevinylene)) were studied for comparison . For the present silver nanowires, the PL response is observed to be dominated by short-ranged metal-induced quenching rather than plasmonic enhancement of optical transition rates. Surprisingly, P3HT shows a substantial reduction of non-radiative losses for both metallic and dielectric nanowires in the case of parallel laser polarization that is not observed for MDMO-PPY. Excitation polarization dependent measurements indicate that this reduction is due to self-assembly of the P3HT polymer chains along the nanowires. nanowires was systematically varied from array to array between 40 and 400 nm. On top of the structures a thin polymer film of either P3HT or MDMO-PPV was spin-coated from a chlorobenzene solution with a nominal thickness of 60 nm measured by AFM. For all samples, the same spin coating procedure with the same volume of polymer solution was used. Previous studies in the literature indicate that spin coating of P3HT and other polymers from solution onto different nanostructured surfaces leads to the filling of pores and gaps down to dimensions of about 5 nm [1 9, 20]. We thus assume uniform sample height and complete filling of the volume in between the nanowires by the polymer, as shown in the schematic in figure 1 (a). For this sample geometry, a reduction of the nanowire spacing is expected to be connected to a decrease of the polymer volume within the focus of the confocal microscope used for the optical measurements. This decrease in volume can be calculated using the geometrical parameters of the sample. At the smallest spacing of 40 nm of the 100 nm wide nanowires, the pitch of the structure is 140 nm . Within the focal diameter of 400 nm (see below) we thus observe about four nanowires . The ratio between the volume filled by the nanowires and the total sample volume within the focus with a sample thickness of 60 nm is thus (4 x 40 nm x 100 nm)/(400 nm x 60 nm) = 2/3. As a result, a volume related linear decrease of the PL intensity by up to a factor of 2/3 is expected upon decreasing nanowire spacings.
Materials and methods
Finally, the samples were top-coated with a PMMA film of 150 nm thickness to reduce oxidation and to increase the photochemical stability of the organic polymers. Time-correlated single photon counting (TCSPC) was used in combination with confocal microscopy for timeresolved PL measurements. In the studied polymers, PL results from radiative exciton recombination and its intensity IpL is proportional to the product of the absorbed photon flux IL and the PL quantum yield QpL of the polymer IpL ()( ILQPL. The quantum yield is defined as the ratio between the radiative decay rate krad and the sum of radiative and non-radiative decay rates knon-rad corresponding to QpL = krad/(krad + knon-rad) = krad r . Here, we expressed the sum of all decay rates r = l/(krad + knon-rad) by the excited state lifetime 1:.
The combination of PL intensity and lifetime measurements thus provides access to changes in the excited state relaxation and helps to distinguish radiative and non-radiative rate modifications.
Laser excitation was provided by a Ti:sapphire oscillator operating at a photon energy of 1.55 eV (800 nm), a repetition rate of 76 MHz and a pulse duration of 150 fs with linear polarization. ThePL si~nal was detected at higher photon energies between 550 and 750 nm corresponding to two-photon excitation [21 ] . Since two-photon transition probabilities scale with the square of the local intensity, they are well suited to study plasmonically enhanced local light fields . Here, we aim at exploiting ' the plasmon resonance of silver at the two-photon transition. Laser illumination of the metal nanowire ends is expected to excite both localized surface plasmons confined to the tips as well as propagating surface plasmon modes for light polarized along the nanowire axis [15, 18, 22] . In contrast, perpendicular polarization and excitation along the nanowires will result in a weaker response due to a reduced lightning rod effect and the momentum mismatch between propagating light waves and surface plasmons, respectively.
Laser polarization along and perpendicular to the nanowires is obtained by rotating the sample with respect to the linearly polarized source. This procedure avoids signal variations due to polarization dependent optical components in the excitation and detection path, PL detection is non-polarized in all measurements. The inverted confocal microscope used in epi detection combined with a high numerical aperture objective (NA = 1.3) provides a diffraction limited excitation spot of about 400 nm. Due to the high NA and the associated large angular range of excitation and collcction, we do not expect signi ficant angular dependent grating effects on the detected PL intensities and lifetimes. A fast avalanche photodiode (APD) was used to detect PL transients and intensities. The instrument response function (IRF) of the system was independently measured by detecting the scattered pump laser light from the sample and had a full width at half maximum (FWHM) of 27 ps. Due to the high signal to noise ratio achieved in our experiIpents and the reproducibility of the IRF the time resolution of the setup is about 3 ps, close to 10% of the FWHM of the IRF [23 ] . All A representative PL image of silver nanowire arrays with different nanowire spacings covered by a P3HT film with a nominal thickness of 60 nm is shown in figure l (c) . Here the nanowire separation is reduced from bottom left to top right from 400 to 40 nm . To minimize fluctuations due to sample inhomogeneities, PL transients and intensity measurements were performed at several points, typically 30-50, within an array of fixed nanowire distances.
Results and discussion
The PL intensities and lifetimes of P3HT and MDMO-PPV for varying silver nanowire spacing are shown in figures 2(a) and (b), respectiv~ly. The intensity data in figure 2(a) are nonnalized to the values of the studied planar polymer films measured at a short distance away from the arrays where the substrate surface is flat (an example PL image is shown in figure I(c) ). For both materials, the PL intensity decreases rapidly for nanowire spacings below 150 nm reaching nearly zero at about 60 nm ( figure 2(a) ). This decrease is substantially larger than the factor 2/3 that would be expected from a pure volume effect (see section 2 above). Remarkably, the PL intensity of P3HT peaks at about 150 nm while for MDMO-PPV it decreases monotonously with decreasing spacing. A corresponding peak at slightly smaller spacings is also seen in the lifetime data for P3HT ( figure 2(b) ). The lifetimes observed for MDMO-PPV, on the other hand, are seen to drop rather monotonously with decreasing spacing carrying large uncertainties due to sample inhomogeneities, faster photobleaching and reduced signal levels in particular for spacings below 200 nm.
From the decreasing PL intensities and lifetimes for very small spacing we conclude that for both P3HT and MDMO-PPV a short-ranged interaction with the metallic nanowires becomes dominant representing an efficient non-radiative relaxation channel. The slow increase with decreasing spacing and peak in the P3HT intensity and lifetime data, on the other hand, reveals the presence of an additional longer-ranged interaction mechanism that leads to the reduction of a non-radiative relaxation channel. The origins of these two different types of nanowire-polymer interactions are the subject of the following studies.
The short-ranged decrease of the PL intensity occurring for both polymers can be attributed to energy transfer from the emissive exciton state to the Ag nanowires that is well known from the literature for metal substrates (e.g . [24] ). To determine the range of metal-induced quenching in our samples, we prepared MDMO-PPV and P3HT films of various thicknesses on a lhin silver film (~20 nm). The results ( figure 3) show that quenching plays a dominant role up lo a film thickness 01" aboul 40-50 nm after which lhe lifetime observed for pristine polymer films is reached (red solid line in figure 3 ). The lifetimes shown in figure 3 are intensity-weighted average values that are determined by the interplay betwcen encrgy transfer within the film and to the metal substrate that is followed by non-radiative decay [24, 25 ] . The measured PL lifetime of the unstructured P3HT thin film measured on glass for reference is comparable to the values reported in the literature and are somewhat shorter than those observed in solution [26] [27] [28] . Similar PL lifetimes were observed for the same sample positions upon one-and two-photon excitation at 530 nm and 800 nm, respectively (figure S3 in the supporting material available at stacks.iop. orgiNano/23/305402/mmedia).
The longer-ranged increase of the PL intensity and lifetime observed for P3HT in figure 2 is unexpected. To determine its origin, we first studied the polarization dependence of the PL characteristics. data has been recorded on a different silver nanowire array sample with the same structural parameters. In figure 4 , the polarization of the excitation laser is changed from parallel (black solid curve) to perpendicular (green dashed curve) with respect to the nanowire orientation. For perpendicular polarization, no change in lifetime and intensity can be detected within the error bars of both quantities besides the short-ranged metal-induced quenching for separations below 150 nm discussed above. Parallel polarization, on the other hand, results in the same spacing dependence as observed in figure 2 for the same polarization with somewhat different absolute numbers due to sample-to-sample variations.
Since the lifetime increases in the presence of the metal nanowire, we can rule out radiative rate enhancement due to coupling to plasmons as the reason for the increased PL intensity for parallel polarization. We also do not observe increased PL i.ntensities at the ends of the metal nanowires for which the slrongest local plasmon fields would be expected as discussed above in section 2 ( figure l (c) ). The transition dipole moment of the lowest optical transition in P3HT is parallel to the polymer chain, connecting the thiophene rings . Polarized excitation is thus able to select differently oriented polymer chains within the film . The longer lifetimes observed The PL intensity data obtained for parallel polarization show the competition between short-ranged metal-induced quenching and a longer-ranged effect that leads to increased PL due to reduced non -radiative losses, as can be seen from simultaneously increased decay times. This increase is not observed for perpendicular polarization and is attributed to nanowire-induced ordering of the polymer chains along the nanowires (see text). Note that since at least one nanowire remains in the focal area even for large separations of 400 nm, the PL characteristics obtained for the two polarization directions need not to be the same.
for parallel excitation indicate that the polymer fraction oriented along the nanowires at a close distance feature reduced non-radiative losses. Since no substantial variations are observed for excitation polarization perpendicular to the nanowires, losses are reduced only for polymer chain orientation along the nanowire. From the literature it is known that for P3HT films ordering of the polymer chains reduces non-radiative losses leading to longer lifetimes [6 , 29] . We thus attribute the longer-ranged increase of PL intensity and lifetime to nanowire-induced ordering of the P3HT chains along the nanowires.
To test this hypothesis, we first recorded the corresponding PL intensity and lifetime data of MDMO-PPY on Ag nanowires (data not shown) . For this material , we do not Upon decreasing nanowire spacing both PL intensity and lifetime are seen to increase for parallel excitation polarization that is attributed to ordering of the polymer chains induced by the nanostructured surface.
observe a substantial polarization contrast. This indicates that either ordering along the nanowires or the correlation between ordering and non-radiative losses is less pronounced for MDMO-PPY than would be expected from the literature [30, 31 ] . In the next step and to exclude plasmonic effects induced by the metallic nanowires, we fabr icated identical nanowire arrays but replacing the silver by a dielectric, Si02. The polarization dependent PL lifetimes and intensities of P3HT on dielectric nanowire arrays with varying spacings are shown in figure 5 . For parallel polarization (black solid curve in figure 5(a) ), a substantial increase of the PL intensity is observed upon decreasing nanowire spacing. The range and magnitude of this increase is comparable to the one observed for the metallic nanowire array in figure 2(a) . The simultaneous increase in PL lifetime indicates that the intensity variations are due to modified excited state relaxation dynamics within the fi lm and are not caused by an increased material volume. In addition , a decreased nanowire spacing would rather be expected to reduce the amount of P3HT within the focal volume leading to weaker PL assuming a uniform sample height. The origin of the dip seen in both PL intensity and lifetime data around 100 nm nanowire spacing for parallel polarization is not clear and could reflect sample heterogeneities.
Importantly, no substantial intensity variations for perpendicular polarization (green dashed curve in figure 5 ) are observed as in the metal case for larger nanowire spacings . To conclude, our data show the same range and polarization dependence of the longer-ranged effect for dielectric and metallic nanowires. Its origin can hence not be plasmonic.
Instead, these findings support the idea of nanowire-induced ordering of P3HT as the underlying mechanism for the PL and lifetime increase for smaller nanowire separations developed above. We note that substrate-induced ordering of P3HT has been observed before for samples fabricated by nanoimprint lithography and has been studied theoretically [32, 33] .
For the present metallic nanowire structures, no substantial plasmonic absorption enhancement can be deduced from our PL intensity and lifetime data. In particular, no increased PL is observed at any point in the PL images of the arrays including the nanowire ends for which the strongest local fields would be expcctcd as discusscd in section 2 (figure l (c» . Due to the complexity of the studied system, which involves intra-film exciton energy transfer, intrinsic non-radiative losses and distance dependent energy transfer to the metallic nanowires, a complete quantitative description or modeling of both PL intensity and lifetime is not feasible. In general, metal-induced quenching appears to be the dominant process as compared to absorption enhancement.
Conclusion
In summary, we studied the influence of nanowire arrays on the optical properties of P3HT and MDMO-PPY thin films using timc-resolved photoluminesccncc microscopy. Possible plasmonic light absorption enhancement provided by the metallic nanowires is dominated by metal-induced quenching. On the other hand, the results obtained for P3HT films indicate a pronounced ordering effect induced hy both metallic and dielectric nanowires reaching up to about 100 nm that leads to a substantial reduction in non-radiative losses that should result in improved energy transfer efficiencies within the polymer film. Our findings underline the importance of the film morphology and its control for the optimization of polymer solar cells.
